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Controlling the Melting of Kinetically Frozen Poly(butyl
acrylate-b-acrylic acid) Micelles via Addition of Surfactant
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We have studied the melting of polymeric amphiphilic micelles induced by small-molecule surfactant and explained
the results by experimental determination of the interfacial tension between the core of the micelles and the surfactant
solutions. Poly(n-butyl acrylate-b-acrylic acid) (PBA-b-PAA) amphiphilic diblock copolymers form kinetically frozen
micelles in aqueous solutions. Strong interactions with surfactants, either neutral or anionic [C12E6, C6E4, sodium
dodecyl sulfate (SDS)], were revealed by critical micelle concentration (cmc) shifts in specific electrode and surface
tension measurements. Since both polymer and surfactant are either neutral or bear negative charges, the attractive
interactions are not due to electrostatic interactions. Light scattering, neutron scattering, and capillary electrophoresis
experiments showed important structural changes in mixed PBA-b-PAA/surfactant systems. Kinetically frozen micelles
of PBA-b-PAA, that are hardly perturbed by concentration, ionization, ionic strength, and temperature stresses, can
be disintegrated by addition of small-molecule surfactants. The interfacial energy of the PBA in surfactant solutions
was measured by drop shape analysis with h-PBA homopolymer drops immersed in small-molecule surfactant solutions.
The PBA/water interfacial energyγPBA/H2O of 20 mN/m induces a high energy cost for the extraction of unimers from
micelles so that PBA-b-PAA micelles are kinetically frozen. Small-molecule surfactants can reduce the interfacial
energyγPBA/solution to 5 mN/m. This induces a shift of the micelle-unimer equilibrium toward unimers and leads, in
some cases, to the apparent disintegration of PBA-b-PAA micelles. Before total disintegration, polymer/surfactant
mixtures are dispersions of polydisperse mixed micelles. Based on core interfacial energy arguments, the disintegration
of kinetically frozen polymeric micelles was interpreted by gradual fractionation of objects (polydisperse dispersion
mechanism), whereas the disintegration of polymeric micelles in a thermodynamically stable state was interpreted
by an exchange between a population of large polymer-rich micelles and a population of small surfactant-rich micelles
(bidisperse dispersion mechanism). Finally, in our system and other systems from the literature, interfacial energy
arguments could explain why the disintegration of polymer micelles is either partial or total as a function of the
surfactant type and concentration and the hydrophobic block molar mass of the polymer.

1. Introduction

Water-soluble surface-active block copolymers have great
potential as additives to common small-molecule surfactant
formulations. In what follows, for the sake of simplicity, we call
“amphiphilic diblocks” all amphiphilic molecules whose mass
is in the range 5000-30 000 Da and “surfactant” all small
amphiphilic molecules whose mass is in the range 100-500 Da.
Typical applications of amphiphilic diblocks enclose formulations
based on surfactants, designed for detergency, suspension
stabilization, emulsion polymerization, or wetting modification.
One target of polymeric surfactant additives may be to improve
already well-performing formulations in order to increase their

efficiency1 or to decrease their production cost. For instance,
some emulsion polymerization processes use surfactants that are
poor stabilizers of the emulsion but good catalysts for the
polymerization. Addition of a small quantity of amphiphilic
diblock copolymers can improve the stabilization characteristics
and keep the catalytic effect at the same time.2,3Other applications
take advantage of the self-assembling properties of surfactants
and block copolymers, which form micelles in solution of typical
diameter 2-10 nm for surfactant and 10-200 nm for block
copolymers. Mixtures of both often lead to the formation of
mixed micelles that can be used as templates for nanoparticle
formation4 or could be used for controlled drug delivery.5,6 The
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behavior of diblock copolymers in the presence of surfactants
is therefore of great importance to control the properties of
mixtures. Strong coupling of diblock copolymers and surfactants
lead to new specific properties, both in solutions and at interfaces.

Homopolymer-surfactant interactions in dilute aqueous solu-
tionshavebeenextensivelystudied in the literature.7-9Concerning
block copolymers, much attention has been devoted to the
complexation of oppositely charged polymers and surfactants.
These systems are characterized by very strong attractive
electrostatic interactions, which lead to the formation of flocks
and/or coacervates.10-13 In this work, we consider mixtures of
amphiphilic diblock copolymers and surfactants with no attractive
electrostatic interactions. Polymers and surfactants are either
neutral or bearing same sign charges. The main interactions are
therefore of hydrophobic origin, that is, association driven by
the minimization of interfacial energies in solutions. Although
this problem has recently attracted much attention,14-30 the
understanding of these systems is far from complete. The first
reason is that the various chemistries studied in the literature
lead to several types of behavior, so that no universal picture of
the phenomenon has emerged. For instance, polymer samples
themselves have very different properties: some are at equilibrium
in solution, like the poly(ethylene oxide-b-propylene oxide) PEO-
b-PPO Pluronics,14-21 whereas others are clearly out of equi-
librium, like poly(styrene-b-ethylene oxide) PS10-b-PEO68,28

poly(styrene-b-sodium methacrylate) PS28-PMA87 or poly(tert-
butylstyrene-b-sodium methacrylate) PtBS27-PMA70.27 Never-
theless, among all these results and systems, some trends appear
to be clear. For the Pluronics family, all observations converge
to a picture of complete disintegration of polymeric micelles

upon addition of surfactant. Complete disintegration is also
observed in other cases like poly(oxyphenylethylene-b-ethylene
oxide) POPE17PEO65with SDS29and SeDS30and poly(butadiene-
b-ethylene oxide) PB45-PEO126with C12E5.24In all other systems,
some disintegration is observed but this disintegration is not
complete. There is no consensus to explain why the disintegration
is only partial in certain cases. The explanations that have been
proposed include a triblock effect,24 a packing effect,26 and a
surfactant effect.30 In the latter case, the authors observed, with
the same polymer, either a complete or a partial disintegration
depending on the nature of the surfactant added. Also, in all
systems, the path toward disintegration is not clearly understood.
One reason is the difficulty of obtaining very precise data on size
distributions by dynamic light scattering (DLS). Depending on
the system or the solvent conditions, some authors observe a
single population of micelles whose mean diameter decreases
continuously.20,21 Others report a double population of small
surfactant-rich mixed micelles and large polymer-rich mixed
micelles during the disintegration process (“peeling off mech-
anism”).20,21,24,29,30Again, no mechanistic explanation is proposed
to explain how these processes take place.

In this work, we have tried to investigate the different
parameters that may influence the interactions between a diblock
polymer and a surfactant and attempted to clarify the physics at
stake for the complexation and disintegration processes. We have
paid a special attention to the role of reversibility of the
complexation and to the key role of interfacial tension between
the core of micelles and the solution. We have used diblock
copolymers of poly(butyl acrylate-b-acrylic acid), PBA-b-PAA.
On one hand, it is again another chemistry, whose behavior with
surfactants has never been studied. However, these samples that
wesynthesizedourselveshaveallowedus to tunemanyparameters
concerning the polymer. Depending on pH, PBA-b-PAA can be
either neutral or charged, whereas all structural studies of diblocks
and surfactant mixtures in the literature concern neutral diblocks.
Also, by use of PBA-b-PAA samples with different ratios between
PBA and PAA, that is, tuning the hydrophilic-lypophilic balance
of the samples, we can start from cylindrical or spherical micelles,
which was also a parameter claimed to be of importance in the
literature. Also, we have been able to study a series of polymers
with different block lengths but the same PBA/PAA mass ratio,
which affects the theoretical exchange kinetics of unimers between
their state in micelles and in solution. This exchange kinetics is
rarely discussed in other systems in the literature, even though
it strongly differs from one system to the other: The diblock
copolymers PBA-b-PAA considered here form micellar disper-
sions in water that are irreversibly aggregated or kinetically
frozen.31 For what concerns the surfactant parameters, we have
chosen samples with different charges and critical micelle
concentration (cmc) values (see Table 2). This allowed us to
tune the interfacial tension between the core of PBA of the
polymeric micelles and the surfactant solution by changing the
concentration and the nature of the surfactant. This interfacial
tension has been systematically measured in order to establish
a quantitative link with the state of the polymer/surfactant
solutions. In the end, our physical description of the polymer/
surfactant interactions permits us to explain why disintegration
can be total or partial in polymer/surfactant complexation and
also why different intermediate states, with single or double
populations, can be observed.
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2. Experimental Section

2.1. Materials: 2.1.1. Polymers.All polymers were synthesized
via controlled radical polymerization process, MADIX (macromo-
lecular design via interchange of xanthate, Rhodia Patent WO
9858974). Monomers used weren-butyl acrylate 99%+ (Aldrich
234923) and acrylic acid 99% (Aldrich 147230). The controlling
agent was a xanthate 2-mercaptopropionic acid methyl estero-ethyl
dithiocarbonate (Rhodixan A1, Rhodia), and the initiator was 2,2′-
azobis(2-methylbutanenitrile), AMBN (Vazo 67, DuPont). Poly-
merizations were performed in ethanol starting with the PBA block.
The first block was grown in 40 wt % solutions at 70°C under N2.
A shot of initiator was added to initiate the reaction with a molar
ratio of initiator versus controlling agent of 0.1. After completion
of the first block, a second block was grown in similar conditions
(40 wt % for first block and acrylic acid in ethanol at a temperature
of 70 °C under N2) and a new shot of initiator was added to initiate
the second block reaction. Time of reaction was limited to the
minimum amount necessary to achieve a rate of conversion of 99%;
that is, around 8 h per block. Finally, the reaction product was dialyzed
versus pure water (to remove the ethanol and unreacted monomers)
and freeze-dried. More details are given elsewhere.32 Chemical
analysis of polymer samples is summarized in Table 1.

2.1.2. Surfactants.Sodium dodecyl sulfate (SDS) was purchased
from Ultrapure Bioreagent, J.T. Baker (purity>99.5%). Tetra(oxy-
ethylene) hexyl ether, C6E4, was purchased from Bachem. Ultrapure
hexa(oxyethylene) dodecyl ether, C12E6, was purchased from Nikko
Chemical, Japan.

2.2. Techniques: 2.2.1. Capillary Electrophoresis. All experi-
ments were based on the capillary zone electrophoresis (CZE)
technique. A high voltage, typically 16 kV, was applied to a fused
silica capillary filled with an electrolyte at a controlled temperature.
The apparent electrophoretic mobilityµapp of a solute is defined
according to

whereVapp is the apparent electrophoretic velocity,E is the electric
field, L is the total capillary length,l is the effective capillary length,
V is the applied voltage, andtapp is the apparent migration time of
the solute. The apparent mobility differs from the effective mobility
of the solute due to the electroosmotic flow. The effective mobility
is determined from

where teo is the migration time of neutral molecules. Micellar
electrokinetic chromatography (MEKC) is a particular type of CZE.
In MEKC, surfactant is added in the electrolyte. The electroosmotic
flow is only marginally affected when anionic or neutral surfactants

are used. The effective mobility of a solute may, however, be
significantly modified if this solute interacts with the surfactant.
This is the case for amphiphilic diblocks, and MEKC is very helpful
as a complement to nonmicellar CZE for peak identification. All CE
experiments were performed on an Agilent Technologies CE capillary
electrophoresis system. Capillaries were prepared from bare silica
tubing purchased from Composite Metal Services (Worcester, U.K.).
Capillary dimensions wereL ) 33.5 cm (l ) 25 cm to the detector)
× diameter 50µm. The electrolyte used for the nonmicellar
separations was a 160 mM sodium borate buffer at pH 9.2. For the
MEKC mode, neutral surfactant (C12E6) was added to the previous
electrolyte at different concentrations. The applied voltageV was
+16 kV. UV detection was performed at wavelengths of 200 and
290 nm, the former being sensitive to acrylate groups and the latter
being specific to xanthate. Capillaries were first conditioned with
the following flushes: 1 M NaOH for 15 min and 0.1 M NaOH for
10 min. Between injections, capillaries surfaces were regenerated
by the following procedure: (i) 5 min flush with 1 M NaOH, (ii)
2 min flush with 0.1 M NaOH, (iii) application of a+1 kV voltage
in 0.1 M NaOH, and (iv) 5 min flush with the electrolyte. Injections
of samples at 1 wt % were performed hydrodynamically with
pressures between 17 and 40 mbar for 3 s. Mesityl oxide [∼0.1%
(v/v) in the electrolyte] was co-injected with the sample to determine
the electroosmotic mobility. The temperature of the capillary cartridge
was set to 25°C.

2.2.2. Interfacial Tension.A pendant drop Rame-Hart goniometer
was used to measure interfacial tensions. Air-water interfacial
tensions were measured on hanging bubbles, whose volume was
kept constant over time by a step-motor activated syringe controlled
bya feedback loop.Liquid-liquid interfacial tensionsbetweenh-PBA
and surfactant solutions have been measured on sessile drops of
h-PBA immersed in water. All glassware have been cleaned in KOH-
saturated ethanol solutions for 10 min and then thoroughly rinsed
with MilliQ water. All solutions were prepared with Milli-Q water.

2.2.3. SDS-Specific Electrode.The SDS-selective membrane
electrodes used in this work were prepared by procedures described
previously.33,34 The general concept of a surfactant-selective
membrane is based on the presence of a surfactant-selective carrier.
The membrane that we use here has the carrier firmly incorporated
into a silica polymer membrane structure. The carrier used to assign
ion selectivity to the membrane is a cetyltrimethylammonium/dodecyl
sulfate (CTADS) complex, obtained by precipitation in water of
stoichiometric quantities of CTAB and SDS and purification of the
precipitate. To the carrier, solubilized in 1 mL of tetrahydrofuran
(THF) at a concentration of 0.01 M, were added 0.4 g of copolymer
PS-124 and 0.03 g of silica Aerosil 300. After complete solubilization
of these compounds, 0.6 g of the reticulated polymer CAF-3 was
finally added; after thorough mixing, this resulted in the formation
of a thick gel that could be conserved for about 15 days when stored
under argon. Membranes were formed by placing a small portion
of this material as a thin layer across the orifice of a glass tube. The
membranes were left for about 12 h to dry. Before use, the membranes
were conditioned by exposure to an aqueous solution containing 1
mM SDS for at least 2 h. Prepared in this way, the membranes could
be used repeatedly over a period of about 1 month.

2.2.4. Light Scattering. Static and dynamic light scattering
experiment were performed on a Brookhaven spectrometer (BI-
200S with a BI-9000AT autocorrelator). All solutions were filtered
on a 0.45µm sterile inorganic membrane filter (Whatman) before
measurements. Dynamic light scattering (DLS) was used to measure
the hydrodynamic radiusRh of micelles in solution. BI-9000AT
allows acquisition of relaxation rates over 8 orders of magnitude,
from 0.1µs to 10 s, and of multiangle scans between 20° and 155°.
All data were analyzed by multi-angle CONTIN analysis.

2.2.5. Small-Angle X-ray and Neutron Scattering.Small-angle
neutron scattering (SANS) measurements have been performed on
NG3 at National Institute of Standards and Technology (NIST),
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O. Controlled radical polymerization of PBA-b-PAA and PDEGA-PAA diblock
copolymers by MADIX 2.Macromolecules2007, 40, 2672-2682.

(33) Mokus, M.; Kragh-Hansen, U.; Letellier, P.; leMaire, M.; Møller, J. V.
Anal. Biochem.1998, 264, 34-40.

(34) Mokus, M. Ph.D. Thesis, University of Paris 6, Paris, France, 1996.

Table 1. Chemical Analysis Results for the Polymer Samplesa

GPC NMR

MwBA (g/mol) IpBA MwAA (g/mol) XBA/AA
NMR

PBA*-b-PAA 3K-12K 5430 1.5 22600 0.24
PBA*-b-PAA 6K-24K 6420 2.47 29200 0.22
d9-PBA*-b-PAA 3K-12K 0.24

MwAA (g/mol) IpAA MwBA (g/mol)

PBA-b-PAA* 1K-4K 8850 2.41 2300 0.26
PBA-b-PAA* 3K-4K 10 430 2.72 7200 0.69

a MwBA andMwAA are the mass-average molar masses of the blocks
BA and AA, Ip is the index of polydispersity, andXBA/AA

NMR is the mass
ratio of BA to AA in a sample.
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Gaithersburg, MD, and on PACE at Laboratoire Le´on Brillouin
(LLB), Saclay, France. In order to fit the data of spherical polymer
micelles with highly stretched polyelectrolyte corona, we applied
an urchin-like model.35The scattering in this model is a combination
of the mean-field term for a core (radiusRc) and a stretched corona
(corona profile decreases with a power law of-2) and of the term
resulting fromNaggstretched chains of lengthLrod. However, for our
systems, as the core size is relatively large and the corona is diluted,
the scattering intensity in theq-range 0.03-3 nm-1 is dominated by
the core. This observation has already been validated by others in
the literature36 with similar contrast conditions. Consequently,
adjustment of data by a form factor of polydisperse spheres gave
also reasonable results. In order to fit the scattering of polymer-
surfactant complex, the use of form factors of polydisperse spheres
were completely justified. Indeed, as shown later in this paper, upon
addition of surfactant, the mixed objects become richer and richer
in surfactant compared to polymer, and the contribution of the corona
becomes more and more negligible. In all treatments, we assumed
a Gaussian distribution of core radii.

2.2.6. Cryo-transmission Electron Microscopy.A Jeol 1200EX-
120kV instrument has been used at CRA, Rhodia, France. Solutions
have been deposited on perforated carbon film grids. Excess solution
was blotted off in order to form a 100 nm film in the holes of the
carbon film. This preparation is immediately frozen by being dipped
first in liquid ethane and after in liquid nitrogen. Ultrafast cooling
is necessary to ensure vitrification of the solution and avoid artifacts
due to crystallization of the solvent or reorganization of the assemblies
in solution. The frozen meniscuses in the grid holes are then observed
by transmission electron microscopy (TEM).

2.3. Sample Preparation: 2.3.1. Polymer Solutions.Polymer
solutions were prepared by two routes. For the first route (“cast
film” route), we started by preparing films of polymer melt. Solutions
of 20 wt % diblock in THF (good solvent of the two blocks) were
deposited in Teflon molds, allowed to evaporate slowly over 7 days,
and then dried under vacuum for 3 days. Diblock chains, which were
originally dispersed as unimers in THF, eventually micro-phase-
separated at some stage during the solvent evaporation. It was
important to ensure slow evaporation of the solvent to let the polymer
organize in microstructures before it becomes solid. These micro-
structured cast films were then dispersed in water. The second route
(“dialysis” route) consisted of preparing a polymer solution in
nonselective solvent (THF) and then exchanging the solvent by water
via dialysis through a membrane of molecular weight cutoff (MWCO)
2000.

2.3.2. Polymer/Surfactant Mixtures. Most experiments were
performed at a constant polymer concentration and increasing
surfactant concentrations. It appeared important to avoid high local
surfactant concentrations at any point during the preparation of
mixtures. Addition of a concentrated surfactant to a polymer solution
led to solutions with highly polydisperse objects. The chosen
procedure was to dilute a small amount of a concentrated polymer
solution into a solution of surfactant at the targeted concentration.
The working conditions were different for the experiments in capillary
electrophoresis. In this case, the surfactant is present in the mobile
phase and the polymer solutions injected had no added surfactant.
The time of travel in the capillary before detection is about 30 min.

3. Results and Discussion

3.1. Critical Micelle Concentration Shift. Figure 1 presents
the surface tension of surfactant C12E6/polymer PBA-b-PAA
3K-12K aqueous solutions versus the concentration of C12E6.
The curve in the absence of polymer presents a decreasing part
at low concentration. By use of the Gibbs equation, the adsorbed
amount of surfactant can be calculated at a maximum value of
1.14 mg/m2, which corresponds to a saturated interface. The
breakpoint at 3× 10-3 wt % corresponds to the cmc of the pure

surfactant. In a benchmark experiment, not reported in Figure
1, it was checked that the presence of homopolymer PAA at 1
wt % with a pH adjusted to 9 did not affect the surface tension
value of the pure surfactant system. A series of experiments
were then performed in the presence of diblock. With PBA-b-
PAA 3K-12K, one can notice in Figure 1 that the surface tension
at very low surfactant concentration is not 72 mN/m, as expected
for a pure air/water interface, but rather around 57 mN/m. Indeed,
PBA-b-PAA 3K-12K is surface-active itself. The starting surface
tension at equilibrium, or in fact after 24 h of equilibration, is
around 55 mN/m for a pure polymer solution. The polymer
concentrations used here are well above the polymer cmc,31 so
that without any C12E6 present, the surface is saturated by
polymer. With increasing C12E6 concentration, the surface
tension decreases monotonically until it reaches a break point
and a plateau. This plateau value is equal to the one reached in
the pure surfactant system, which is a hint that the plateau
corresponds to a surface that is mainly covered with surfactant.
However, the concentration at the break point is very different
in the mixed polymer/surfactant system from its pure surfactant
system value. Also, this break-point concentration increases with
the amount of polymer. It is obvious that the break point
corresponds to the appearance of C12E6 micelles in the bulk
solution. The fact that more C12E6 is needed to form the first
pure surfactant micelles in the presence of polymer means that
a fraction of C12E6 is strongly interacting with the polymer and
is therefore not available for the equilibrium between surfactant
micelles and free surfactant molecules. We checked that the
apparent cmc increases linearly with the amount of polymer,
which is consistent with the existence of strong complexation
between the polymer and the surfactant. In Figure 1, we do not
detect any critical aggregation concentration (cac). In fact, a cac
is generally detected by surface tension measurements when (i)
the polymer is not surface-active and (ii) the polymer-surfactant
complex is synergistically more surface-active than the polymer
or the surfactant alone;37that is, typically when several surfactant
molecules are linked by a polymer chain. Here, the polymer is
surface-active by itself. A complex between surfactant and
polymersfor instance, several molecules surrounding the
hydrophobic block of the polymer chainsis more soluble than
the diblock chain itself and hence less surface-active. Surface
tension measurement is therefore not an adequate technique to
detect cac with this system. From the cmc shifts, the amount of
C12E6 interacting with the polymer at saturation can be directly

(35) Muller, F.; Delsanti, L.; Auvray, L.; Guenoun P.; Yang, J.; Chen, Y. J.;
Mays, J. W.; De´mé, B.; Tirrell, M.; Guenoun, P.Eur. Phys. J. E2000, 3, 45-53.

(36) Plěstil, J. J. Appl. Crystallogr.2000, 33, 600-604. (37) Goddard, E. D.Colloids Surf.1986, 19, 255-329.

Figure 1. Surface tension versus concentration of added surfactant
C12E6: ([) without polymer in solution, in the presence of of
PBA-b-PAA 3K-12K at ionizationR ) 1 and concentration (b)
0.1 and (O) 1.5 wt %.
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calculated by subtracting the apparent cmc in the presence of
polymer and the cmc of the pure surfactant. We find that an
average of 15 molecules of surfactant interact per molecule of
polymer. But at this point, the structure of the complex is not
obvious. From previous work, we know that PBA-b-PAA diblocks
form highly stable micelles in solution with extremely low cmc
values (<10-4 wt %). The amount of free unimers in solution
is negligible. If it is assumed that all the surfactant interacts with
indestructible micelles, and hence with the hydrophobic surface
of the micelle cores, then the average density of surfactant
molecules on the cores can be estimated. PBA-b-PAA 3K-12K
micelles have a core radius of 7.7 nm and an aggregation number
of 300. This means that there are, on average, 4500 molecules
of surfactant per micelle and that the surface area per surfactant
molecule on the core is around 16 Å2. The latter value can be
compared to the area per molecule of a saturated C12E6 layer
at the interface between pure PBA and water at saturation. We
measured this value using the Gibbs equation and interfacial
tension measurements between pure PBA and C12E6 aqueous
solutions (cf. Figure 10). We found an area per molecule of
C12E6 at the PBA/water interface of 110 Å2 (see Table 2). The
average surface area per surfactant molecule on the micelle core
of 16 Å2 is much smaller. The hypothesis of surfactant insertion
on structurally intact polymer micelles is therefore irrelevant.
After addition of surfactant, there is necessarily more PBA/
water interface available than in the initial state. This means that
the PBA-b-PAA micelles, although stable to pH, ionic strength,
temperature, and concentration stresses, are somehow fractionated
by the addition of surfactant, which is the only way to create
more core/solution interface.

The apparent cmc values of a negatively charged surfactant
(SDS) in the presence of polymer were studied by use of a SDS-
specific electrode. The data of Figure 2 present the potential of
the electrode versus the logarithm of SDS concentration. The
electromotive force (EMF) decreases linearly with log (CSDS) up
to the cmc, as expected from the Nernst equation. The tendency
is then reversed and the potential increases withCSDS. The fact
that the potential is not constant above the cmc is mainly due
to the fact that the ionic strength of the solution changes with
the addition of SDS and hence affects the aggregation state of
SDS. The cmc of pure surfactant is measured around 0.2 wt %,
which is consistent with literature data at this ionic strength. In
the presence of polymer, the experimental curves diverge from
the Nernst equation before the cmc value of the pure surfactant
system. This technique allows a clear detection of the SDS
interaction with the polymer, but the data do not allow a precise
determination of a critical aggregation concentration, cac. At
higher concentration, a break point can be distinguished, which
indicates an apparent cmc. By the same token as for C12E6, one
can calculate from the apparent cmc value that there are on average
31 molecules of surfactant SDS per molecule of PBA-b-PAA.
Again, this amount implies that the PBA-b-PAA micelles must
fractionate upon complexation with surfactant.

3.2. Capillary Electrophoresis.Electropherograms of mix-
tures ofd9-PBA-b-PAA 3K-12K atc ) 1 wt % and C12E6 are
reported in Figure 3. For the pure polymer solution, a sharp peak

is detected at an electrophoretic mobilityµep of -35 × 10-5

cm2‚V-1‚s-1. This peak corresponds to the kinetically frozen
micelles of PBA-b-PBA.32 In the presence of C12E6, the
electropherograms are mainly unaffected for concentrations lower
and equal to 0.004 wt %. For surfactant concentrations equal to
0.02 wt % and higher, the sharp peak corresponding to the polymer
micelles has disappeared. Instead, we observe a peak that becomes
broader and shifts toward lower absolute values of electrophoretic
mobilities with increasing surfactant concentrations. These results
confirm the existence of a strong interaction between diblocks
PBA-b-PAA and surfactant. Indeed, in the presence of 0.0225
wt % surfactant or for higher concentrations, the electrophoretic
mobility decreases due to the formation of a copolymer/surfactant
complex. Surfactant molecules interacting with the hydrophobic
block of the copolymer act as a hydrodynamic parachute, slowing
down the charged copolymer. This effect is accompanied with
peak broadening since the electrophoretic mobility of the complex
strongly depends on the block lengths and thus on molar mass
polydispersity of each block. These results also confirm that
copolymer micelles are not indestructible and that they disappear.

Table 2. Characteristics of Surfactant Samplesa

M (g/mol) cmc (wt %) A0 (Å2)

C12E6 450.66 3× 10-3 110( 5
C6E4 278.37 3 80( 5
SDS 288.38 0.2 100( 5

a M is the molar mass, cmc is the critical micelle concentration in
water, andA0 is the area per molecule at the air/water interface at
saturation.

Figure 2. Potential of a SDS-specific electrode versus concentration
of added surfactant SDS, in the presence of PBA-b-PAA 3K-12K
at ionizationR ) 0 and concentration (9) Cp ) 0 wt % with a new
electrode, (b) Cp ) 0.1 wt %, (O) Cp ) 1 wt %, and (0) Cp ) 0
wt % with the same electrode after contact with polymer.

Figure 3. CE electropherograms ofd9-PBA-b-PAA 3K-12K with
a background solution of C12E6 solutions at concentrations (a) 0,
(b) 4.5× 10-4, (c) 2.25× 10-3, (d) 4.5× 10-3, (e) 2.25× 10-2,
(f) 4.5 × 10-2, (g) 2.25× 10-1, and (h) 4.5× 10-1 wt %. Peak
identification: 1, AA; 2, PBA-b-PAA; 3, PBA-b-PAA/C12E6
complexes.
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Also, one can notice that the main effect of the surfactant is
detected for surfactant concentrations that are close to the cmc
value, as for surface tension measurements.

3.3. Cryo-transmission Electron Microscopy.Direct pictures
of polymer-surfactant mixtures are presented in Figures 4 and
5. Figure 4a corresponds to a PBA-b-PAA 3K-4K solution at
a concentration of 2 wt %. The solution, obtained by the “melt
route”, contained mainly cylindrical micelles31and a few vesicles.
For pure polymer solutions, the visible cylinders correspond to
the PBA core of the tubular micelles, whereas the coronas are
not visible. The mean diameter of the PBA core is 25 nm and
the length is up to micrometer size. Upon addition of surfactant
(panel b), we first observe cylinders mixed with spheres. The
core of the spheres have a diameter similar to the diameter of
the cylinders. In the next picture (panel c), for a higher amount
of added surfactant, there are mostly spheres of diameter around
30 nm and a few very short cylinders. Then, in the last picture
(panel d), there are only spheres left, characterized by a large
polydispersity and an average diameter of 10 nm, which is smaller
than the previous spheres of 30 nm. The smallest micelles visible
in the pictures have a diameter close to the value expected for
a pure surfactant micelle (around 6 nm). Figure 5 shows the case
of a PBA-b-PAA 3K-4K solution at 2 wt % prepared by the
dialysis route. This solution contained monodisperse spherical
polymeric micelles of diameter around 30 nm. Upon addition of
surfactant SDS, the spheres become much smaller with an average
size of 5 nm, which tends to say that there are mostly surfactant-
like objects in solution. The same experiments have been
performed with spherical micelles of 3K-12K. We observed
similar trends. Since the polymer micelle cores have sizes of the
same order as the surfactant micelles, the effects are less obvious.

3.4. Static Light Scattering.The static light scattering (SLS)
data for mixtures of PBA-b-PAA solutions and surfactant SDS
are presented in Figure 6. The concentration of polymer is fixed
in these experiments. By increasing the amount of surfactant in
the mixtures, one can see that, for all polymer samples except
6K-24K, the scattered intensity decreases significantly, even
though the total mass of material is increased. Since there is no
effect of contrast matching in these experiments, it is clear that

the objects in solution become smaller and/or fewer upon addition
of surfactant. Since the scattering is mainly due to the big
polymericmicelles, thesedataconfirmagain thatpolymermicelles
have their structure strongly affected by the addition of surfactant.
In the final state, that is, with an excess of surfactant, polymeric
micelles are mostly disintegrated for sample 1K-4K, partially
disintegrated for sample 3K-12K, and mostly not affected for
the 6K-24K sample.

Figure 7 presents the same types of experimental data for the
polymer PBA-b-PAA 3K-12K and two types of neutral
surfactant, C12E6 and C6E4. Both present a scattering intensity
collapse with addition of surfactant. Data for C12E6 can be
directly compared to the data of interfacial tension of Figure 1.
The intensity decrease stops at the C12E6 concentration
corresponding to the shifted cmc. Before this point, the decrease
of scattered intensity follows the decrease of interfacial tension.
These data show that the disintegration of PBA-b-PAA 3K-
12K polymer micelles occurs continuously until the shifted

Figure 4. Cryo-TEM pictures of PBA-b-PAA 3K-4K solutions
prepared by the cast film route at ionizationR ) 0 and concentration
Cp ) 2 wt % with C12E6 surfactant added at concentrations (a) 0,
(b) 0.03, (c) 0.1, and (d) 0.5 wt %.

Figure 5. Cryo-TEM pictures of PBA-b-PAA 3K-4K solutions
prepared by the dialysis route at ionizationR ) 0 and concentration
Cp ) 2 wt % with SDS surfactant added at concentrations (a) 0 and
(b) 8 wt %.

Figure 6. SLS data versus amount of added SDS for PBA-b-PAA
solutions at ionizationR ) 1 and constant polymer concentration
Cp ) 0.1 wt %: (b) PBA-b-PAA 1K-4K, (2) PBA-PBA 3K-
12K, and ([) 6K-24K.
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apparent cmc value is reached. At this point, the polymer/
surfactant complexation has reached saturation. Beyond this point,
only additional pure surfactant micelles form. Notice that the
scattering intensity increase due to pure micelles beyond the
apparent cmc is more pronounced with C12E6 than with SDS
or C6E4. This is simply due to the fact that C12E6 micelles are
much bigger objects than SDS or C6E4 micelles and therefore
scatter much more. Let us now compare the data for C12E6 and
C6E4. They basically show the same trends with a decrease of
the scattering intensity on the same order of magnitude for the
two surfactants. However, the amount of surfactant needed to
get the same effect is around 200 times larger in mass (and 300
times larger in moles) with C6E4 than with C12E6. The total
amount of surfactant needed to disintegrate the polymer micelles
is therefore very different from one surfactant to another. SDS
is another example of this statement. Conversely, a general
observation for all polymer/surfactant mixtures is that the decrease
of scattered intensity starts to be significant for surfactant
concentration slightly smaller than their cmc. The cmc of the
surfactant seems a more relevant parameter than the relative
molar amount between the polymer and the surfactant.

3.5. Small-Angle Neutron Scattering.Figure 8 presents the
SANS data of PBA-b-PAA 3K-12K solutions at 1.5 wt % and
ionizationR ) 1 in D2O with C12E6 at different concentrations.
Without surfactant, the intensity decreases at highqwith a power
law of-4, which means that the interface of the scattering objects
is sharp. No oscillations of the form factor are visible, which

means that the size distribution is rather broad. A fit by a simple
polydisperse sphere model (for the PBA cores) or a core-corona
model (for PBA-b-PAA micelles) gives an average radius for
the PBA cores around 8 nm with a normalized standard deviation
of σ* ) σ/R ) 0.2. This high polydispersity in micelle sizes is
common for diblock copolymer systems and is responsible for
the absence of oscillation of the form factor. At highq and with
C12E6 at 1.5 wt %, the intensity also decreases with a power
law of q-4 and there are clear oscillations of the form factor at
high q. The scattering intensity is also clearly shifted to higher
q values upon addition of surfactant. Qualitatively, this means
that the solution polymer/surfactant contains objects with sharp
interfaces that are smaller and more monodisperse in size than
solutions of pure polymer micelles. An adjustment by polydisperse
spheres leads to a means radius of 3.4 nm and a normalized
standard deviation ofσ ) 0.14. Notice that the concentration
conditions of this sample correspond to the point of saturation
of the complexation between the polymer and the surfactant (as
determined by surface tension measurements). Since we are just
at the apparent cmc of the surfactant, there are no pure-surfactant
micelles in solution. Nevertheless, the SANS data indicate that
the size of objects present in solution (R≈ 3.4 nm) is very close
to the size of pure-surfactant micelles (R≈ 3 nm) and completely
different from the size of the initial polymer micelles (R ≈ 8
nm). At saturation, the solution of PBA-b-PAA 3K-12K is mostly
made of surfactant-rich micelles, with size and size distribution
close to pure-surfactant micelles. The disintegration of polymer
micelles is therefore almost complete, which is consistent with
cryo-TEM and SLS results.

In the intermediate states of disintegration, the data can be
adjusted by objects of intermediate sizes,R ≈ 6.6 nm andσ ≈
0.2 with 0.15 wt % C12E6, andR≈ 4.2 nm andσ ≈ 0.16 with
0.5 wt % C12E6. The mechanism for disintegration seems to be
a gradual decrease of the average size of a polydisperse population.
The polydispersity decreases toward the total disintegration, and
the size of the mixed object converges toward the state of
surfactant-rich micelles with characteristics very close to those
of pure-surfactant micelles.

It is also possible to take advantage of structure factor effects
at low q to challenge the previous conclusions. The data with
0.5 and 1.5 wt % C12E6 show a faint structure peak at lowq.
The apparition of a structure peak is consistent with the fact that
the scattering objects become more numerous upon addition of
surfactant, so that their average distance decreases and their
interaction increases. From the ratio between the absolute data
and the form factor adjustment data, the positions of the structure
peak are determined at 0.27 and 0.38 nm-1 for, respectively, 0.5
and 1.5 wt % C12E6. From these values, one can calculate the
average number of PBA-PAA chains per object on the basis of
the average concentration of polymer in solution. We find that
the scattering objects contain on average 7.6 and 2.5 chains of
PBA-b-PAA in the presence of, respectively, 0.5 and 1.5 wt %
surfactant. Since the initial polymer micelles have an average
aggregation number of 300, we confirm here that the disintegra-
tion induced by surfactant is quite complete.

4. Discussion

4.1. Poly(butyl acrylate)/Solution Interfacial Tension. In
aqueous solution, PBA-b-PAA samples form dispersions of self-
assembled aggregates that are out of equilibrium.31Critical micelle
concentrations are extremely low, structure topologies and/or
sizes of aggregates are history-dependent, and the exchange of
material between objects is negligible over a time scale of several
months. Irreversible behavior was shown to be a direct

Figure 7. SLS data for PBA-b-PAA 3K-12K solutions at ionization
R ) 1 and concentrationCp ) 0.1 wt % versus amount of added
surfactant: ([) C12E6, (b) C6E4.

Figure 8. SANS data of PBA-b-PAA 3K-12K solution at 1.5 wt
% and ionizationR ) 1 in D2O with C12E6 at concentrations (O)
0, (4) 0.15, (]) 0.5, and (0) 1.5 wt %.
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consequence of the high interfacial tension value between PBA
and water. The cost for insertion/extraction of unimers from
aggregates inhibits kinetically the exchange of unimers between
micelles. External stresses, like ionic strength, temperature, and
concentration, hardly affect the structure of the aggregates. Some
structural reorganizations, although limited, were observed only
upon charging of the PAA corona by increasing pH. These changes
occurred via partial fractionation of the aggregates.

The key parameter to explain the irreversibility of the
aggregation was shown to be the high value of the interfacial
tension between the hydrophobic block and water. This value
was measured with droplets of homopolymer PBA immersed in
water and drop shape analysis. The experimental value of 20
mN/mwashighenough todisplace themicelle/unimerequilibrium
of PBA-PAA diblock toward micelles (Figure 9a). Conversely,
we have shown that this micelle/unimer equilibrium is displaced
toward unimers for diblock made with a less hydrophobic first
block38 (Figure 9b). The presence of surfactant in solution is
susceptible to decrease the interfacial tension between the core
of the micelles and the solution and therefore to displace the
equilibrium between micelles and unimers (Figure 9c). We have
therefore measured the interfacial tension between a drop of
homopolymer PBA and solutions of surfactants of different
natures and concentration. Figure 10 shows the results for the
surfactants studied, C12E6, C6E4, and SDS. The curves present
classical behavior with a cmc break point. The cmc values differ
for each surfactant. In all cases, the PBA-water interfacial tension
at saturation decreases from an initial value of 20 mM/m down
to 5 mM/m for C12E6 and C6E4 and 8 mN/m for SDS. We can
now use these values to calculate the cmc of a diblock copolymer
system in the presence of surfactant (i.e., versus the effective
value of the core/solution interfacial tension) and the length of
the hydrophobic block of the diblock. Instead of calculating the
exact cmc, which implies the complex estimation of all energetic
and entropic contributions from the core and the corona, we
simply calculate the limit of solubility of the hydrophobic block
in water.39 We do not calculate explicitly the contribution of the
PAA in the chemical potential of the unimers and the micelles.
These rough assumptions are reasonable for systems with high
core/water interfacial tensions values.40 The interfacial contribu-
tion to the free energy of a PBA-b-PAA unimer in water and in

a micelle is then written as

whereRuni is the radius of the collapsed PBA block and Ragg
is the core radius of a micelle (accessible from SANS data).Runi

is calculated from the mass of the PBA block and the density
of PBA, with the assumption that it forms a spherical drop. The
volume fractionΦ(cmc) at the cmc of the system can be
approximated by the limiting solubility concentration of PBA in
water, expressed by39

The aggregation number being very large in our systems, the
free energy of chains can be neglected (this is valid for the early
stages of disintegration). Equation 4 can be transformed into

where the cmc is in weight percent of sample PBA-b-PAA, MBA

is the molar mass of a monomer BA,XBA/AA is the mass ratio
of BA to AA in an idealized monodisperse diblock sample
considered in this calculation,V is the volume of a BA monomer,
NA is Avogadro’s number, andn is the polymerization number
of the PBA block. Figure 11 presents the calculated cmc values
versus the mass of the first block for diblocks withX ) 0.25,
which corresponds to the series 1K-4K, 3K-12K, and 6K-
24K of Figure 6. The calculations in Figure 11 are reported for
two different core/water interfacial values: one of 20 mM/m,
which corresponds to case of the polymer in pure water, and the
other of 8 mN/m, which corresponds to the case of polymer in
SDS solutions (with excess SDS to cover any core/water
interface). The calculated values for the pure polymer case are
very low for all PBA block masses investigated here, which is
consistent with the fact that micelles are kinetically frozen.
Oppositely, with the surfactant, the cmc values are greatly
increased. This is consistent with our observation that the polymer
micelles can disintegrate spontaneously in the presence of
surfactant. More precisely, the interfacial tension argument allows
us to interpret the results of Figure 7, where 160 times more

(38) Jacquin, M.; Futterer, T.; Muller, P.; The´odoly, O. Association of
amphiphilic diblock copolymer: from colloids to macrosurfactant. Manuscript
in preparation.

(39) Israelachvili, J.Intermolecular & Surface Forces, 2nd ed.; Academic
Press: San Diego, CA, 1992; Chapt. 17.

(40) Marques, C.; Joanny, J. F.; Leibler, L.Macromolecules1988, 21, 1051-
1059.

Figure 9. Schematic of the equilibrium between unimers free in
solution and unimers aggregated in micelles for high (a) and low
(b, c) values of interfacial tension between the core of the micelle
and the solution. In case b, the chemical nature of the core is different
than in case a, whereas in case c, the core is the same as in case a
but surfactant is present in solution.

Figure 10. Interfacial tension data measured by sessile drop
technique on droplets of homopolymer h-PBA immersed in surfactant
solutions versus the surfactant concentration for three types of
surfactant: C12E6 (b), SDS ([), and C6E4 (9).
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molecules of C6E4 than C12E6 are needed to achieve the
disintegration of micelles. Even though enough surfactant is
obviously needed to cover the core/solution interface (and allow
the disintegration of all the polymer micelles), the amount of
surfactant is not the only driving parameter for the micelle
disintegration. A key parameter is the interfacial tension between
the core of polymer micelles and the solution. Indeed, the effect
of surfactants C12E6 and C6E4 on the collapse of scattered
intensity in Figure 7 and the collapse of interfacial tension in
Figure 10 are both shifted by almost 2 orders of magnitude. In
other words, the scattered intensity (the disintegration of micelles)
occurs when, and only when, the interfacial tension between the
PBA cores and the solutions is sufficiently reduced.

4.2. Total or Partial Disintegration. The calculation of Figure
11 also allows us to explain why the disintegration of micelles
is either total, only partial, or completely negligible. Indeed,
Figure 11 shows that the cmc is strongly dependent on the
molecular weight of the core block. The polymer concentration
in Figure 6 was fixed atCp ) 0.1 wt %. From the calculation
in the presence of surfactant, the calculated cmc values of PBA-
b-PAA 1K-4K and 3K-12K are higher than 0.1 wt %, whereas
the calculated cmc of PBA-b-PAA 6K-24K is lower than 0.1
wt %. This is consistent with the observation that micelles dissolve
totally in the presence of surfactant for PBA-b-PAA 1K-4K
and 3K-12K (Cp < cmc, mostly surfactant-rich micelles in
solution) and only partially for PBA-b-PAA 6K-24K (Cp >
cmc, mostly polymer-rich micelles in solution). We have seen
in the Introduction that cases of total and partial disintegration
have been reported in the literature and that the explanations
were not consistent from one paper to the other. Zheng and
Davis24 had a complete disintegration with their diblock PB45-
PEO126and a partial disintegration with the triblock EO21-EE35-
EO21. Their argument that triblocks are less favorable for
disintegration is not really convincing. Indeed, complete dis-
integration is observed for triblock samples of Pluronics, whereas
partial disintegration is obtained with diblock sample PB40-
PEO62 used by Nordskog et al.25,26 In fact, all these results can
be sorted by our simple criteria based on the cmc of the polymer
hydrophobic core. For triblocks or diblocks, all polymer micelles
with high cmc, for example, Pluronics, lead systematically to
complete disintegration, whereas polymer micelles with low cmc

lead to partial disintegration, for example, EO21-EE35-EO21. EE
groups are obviously more hydrophobic than PPO groups of
Pluronics: interfacial tension with water of poly(ethyl ethylene)
PEE is close to that of poly(propylene-s-ethylene), that is, 45
mN/m,41 whereas the interfacial tension with water of poly-
(propylene oxide) PPO was measured at 3 mN/m with our sessile
drop shape analysis experiments. For the two PB-PEO diblock
samples (one studied by Zheng et al.24 and the other studied by
Norksdog et al.25,26), the sample with the lowest hydrophobic/
hydrophilic balance, PB45-PEO126, and hence the highest cmc,
leads to complete disintegration, whereas the sample with highest
hydrophobic/hydrophilic balance, and hence the lowest cmc,
leads to partial disintegration. It is difficult to go more in depth
with the comparison of these literature data without the
experimental determination of interfacial core/solution values
with the different surfactants used. But qualitatively, the effects
of efficiency of the added surfactant, hydrophobicity of the
polymer, hydrophobic/hydrophilic balance of the diblock, and
length of the hydrophobic block on displacement of equilibrium
between large polymeric aggregates and free unimers in solution
allows us to explain experimental results with our systems and
the ones in the literature.

It is interesting at this point to comment on the results of
Eisenberg and co-workers.22,23 They have studied solutions of
poly(styrene-b-acrylic acid), PS310-b-PAA52, and SDS in diox-
ane-water mixtures. The SDS induces a growth of the diameter
of spherical aggregates and a series of morphological transitions
from spheres to rods and eventually vesicles. Their observations
sound a priori diametrically different from ours. However, it is
important to note that their system present two main differences
with ours: (i) the objects formed by their copolymers are initially
at equilibrium, and (ii) the hydrophobic blocks of their diblocks
are much larger than the hydrophilic blocks. The authors have
been able to explain their results as follows. Due to reversibility,
aggregates have complete freedom to rearrange into a new,
thermodynamically stable state. Due to the very large hydrophobic
block (PS310-b-PAA52), the entropic term of the hydrophobic
chain in the cores is preponderant in their system over the
interfacial energy term of the core. Insertion of SDS molecules
on the objects’ cores imposes an additional stretching of the
hydrophobic blocks in the cores. The stretching results in a
decrease of entropy that is compensated by structural changes
of the aggregates, that is, growth of spherical micelle diameter
and morphology changes from spheres to cylinders and vesicles.

For a more quantitative comparison with our system, the value
of the interfacial tension of PS with the solvent used by Eisenberg
and co-workers22,23would be helpful. However, one can remark
that their solvent [a mixture of dioxane/water 88.5/11 (w/w)]
was chosen to achieve reversibility of the aggregation. We know
that the interfacial tension between PS and pure water is high
(around 35 mN/m), so that PS-PAA aggregates are kinetically
frozen in water. The presence of dioxane in their solvent is
specially designed to reduce the interfacial tension between the
PS and the solution. The interfacial tension term is purposely
chosen to be very low whereas the entropic term is very large
due to the length of the PS blocks. In conclusion, the growth of
their aggregate sizes with surfactant is driven by preponderant
entropic effects, whereas the decrease of our aggregate sizes is
driven by preponderant interfacial energy effects.

4.3. Intermediate States of Disintegration.A gradual increase
of the polymer micelles’ cmc, tuned by the addition of surfactant,
explains the total disintegration of polymer micelles. However,

(41) Lund, R.; Willner, L.; Stellbrink, J.; Radulescu, A.; Richter, D.
Macromolecules2004, 37, 9984-9993.

Figure 11. Calculated apparent cmc values for PBA-b-PAA diblocks
versus the molar mass of the PBA block (thin solid line) with
γPBA/solution ) 20 mN/m (pure water) and (-thick solid line) with
γPBA/solution ) 8 mN/m (excess SDS in solution). The positions of
PBA-b-PAA 1K-4K (b), PBA-b-PBA 3K-12K (2), and PBA-
b-PBA 6K-24K ([) are indicated on the calculated curves. The
dotted line shows the concentration of 0.1 wt % used in the experiment
of Figure 6.
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we have not discussed the mechanism leading from polymer
micelles to disintegrated polymer micelles. Two descriptive ways
have been reported in the literature: in the first way, there is
always a single population of micelles whose size decreases
gradually. In the second way, there is a double population of
micelles, one of big polymer-rich micelles and the other of small
surfactant-rich micelles, with a gradual transfer of polymer
material from the former to the latter called “peeling off”. From
our perspective of polymer cmc tuning, the scenario with two
populations makes plenty of sense, although framed differently.
The two populations correspond to the two states of the complex
described in Figure 9c. The big polymer-rich micelles correspond
to the original polymer micelles with their core covered by
surfactant. The small surfactant-rich micelles correspond to the
state of polymer unimers free in solution with their hydrophobic
block covered by surfactant. A gradual shift of the equilibrium
constant, that is, cmc value, upon addition of surfactant results,
in this view, in gradual growth of the surfactant-rich population
(polymer unimers) over the polymer-rich population (polymer
micelles). The polymer micelles are not peeled off but are
exchanging material with the unimer population. This reasoning,
based on the change of the equilibrium constant, is valid for
polymeric systems that are effectively at thermodynamic equi-
librium (with and without surfactant): for Pluronics systems,
Cardoso da Silva et al.20and Jansson et al.21have indeed reported
the detection of a double population during the disintegration
phenomenon. The double-population way was also reported by
Castro et al.29,30 for another polymeric system with low (but
measurable) cmc. If we now take into account a polymeric system
that is completely out of equilibrium or kinetically frozen, the
scenario is more difficult to reckon with. This corresponds to our
system of PBA-b-PAA31and corresponds certainly to the systems
of PB-PEO,24-26 PS-PMA,27 PtBS-PMA,27 and PS-PEO28

described in the literature. Indeed, PB, PS and PtBS being moieties
less polar than PBA, they are expected to have a higher interfacial
tension with water than PBA and must form kinetically frozen
micelles in water.31,38 It is remarkable that all these systems
present strong similarities for their intermediate states of
disintegration. First, the state of the solutions for these systems
at small added amount of surfactant depends strongly on the way
the solutions have been prepared. This history dependence is a
clear proof that the intermediate states before complete disin-
tegration of micelles are out of equilibrium or kinetically frozen.
In this context, the mechanism sketched by a shift of cmc has
no reason to apply to these systems. More precisely, all
observations report accordingly that the intermediate states of
disintegration are characterized by a population of micelles with
an important polydispersity in size. This out-of-equilibrium
disintegration mechanism resembles the fractionation of kineti-
cally frozen polymeric micelles upon charging of their corona.31

This phenomenon also leads to a population of smaller and highly
polydisperse micelles by an intramicelle mechanism without
implying exchange of material between micelles.

5. Conclusion

We have demonstrated the existence of a strong interaction
between amphiphilic diblock copolymers PBA-b-PAA and small-
surfactant molecules C12E6, C6E4, and SDS. This nonelectro-
static interaction changed completely the state of the polymer
aqueous dispersions. Upon addition of surfactants, we observed
the transition from polymer cylindrical micelles to spherical mixed
micelles and from large polymer spherical micelles to small
spherical surfactant-rich micelles. All the observations could be
explained on the basis of evolution of the interfacial tension
between polymeric micellar cores and the solutions upon addition
of surfactant in solution. Interfacial tensions have been measured
on droplets of pure PBA homopolymer immersed in water: the
values decreased from 20 mN/m for PBA and pure water down
to 5-8 mN/m for PBA and surfactant solution. This drop of
surface tension controls the transition from a kinetically frozen
state of polymeric micelles to a solution of mixed surfactant-rich
micelles at equilibrium. This interpretation was corroborated by
experiments with different surfactant types and allowed us to
explain the dependencies of the transition on the concentration
of each surfactant and the efficiency of the surfactant. The final
value of polymer cmc also depends on the length of the
hydrophobic block of the polymer so that micelles of diblocks
with longest PBA blocks do not disintegrate totally. Due to the
large polydispersity of the hydrophobic PBA block, the final
state consists often of a partially disintegrated system. These
simple thermodynamics arguments of core interfacial tension
with and without surfactant permitted us to explain most
observations of disintegration or no disintegration of polymer
micelles with surfactant reported in the literature. The intermediate
state during disintegration has also been clarified: for polymer
systems at equilibrium, our approach of polymer cmc increase
with addition of surfactant explained the two-population mech-
anism observed during disintegration. For polymer systems that
form kinetically frozen objects, a most plausible path of
disintegration (given that disintegration occurs during the time
span of the experiment) is a fractionation of micelles. Finally,
one should note that interfacial tension arguments allow us to
explain all observations with diblock copolymers made of
hydrophobic blocks with small molar mass. This case concerns
the overwhelming majority of the systems reported in the
literature. For diblock copolymers with hydrophobic blocks of
large molar mass, the entropic term of the hydrophobic chain in
the cores becomes important and can even be preponderant over
the interfacial energy term of the core.
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